Tools that can benchmark cities, including cities in South East Europe, are necessary to enable the comparison and diffusion of more sustainable practices for urban systems. The "Sustainable Development of Energy, Water and Environment Systems Index" provides a composite indicator for benchmarking city performance based on 7 dimensions and 35 main indicators. In this research work, the Index is applied to a new sample of 18 cities in South East Europe for which data is collected, normalized, and aggregated. Klagenfurt (3.08), Velenje (3.06) and Pécs (3.01) are found to be the top three cities in the sample while an average city receives an index score of 2.85. The results are further compared to reference averages and evaluated based on the mean simulated values of 10,000 Monte Carlo experiments. The results are interpreted in quartiles for pioneering, transitioning, solution-seeking, and challenged cities. The results are then applied within a benchmarking tool of the Index that supports policy learning to trigger collaboration between cities and further used to match cities according to a search algorithm based on index performance. In addition, the results are compared to urban hierarchy as well as development contexts and mapped onto the spatial dimension as an initial step for enabling a "Sustainable Development of Energy, Water and Environment Systems Future City Network". The paper concludes with a set of four proposed steps to enable decision-makers and urban planners in using the Sustainable Development of Energy, Water and Environment Systems Index in support of more sustainable urban systems.
INTRODUCTION
Urban areas are responsible for about 365 EJ or 64% of global primary energy usage and are liable for 24 Gt of CO2 emissions, which correspond to about 70% of total Carbon dioxide (CO2) emissions from energy-related activities [1] . In a future outlook, baseline scenarios predict that urban primary energy usage may soar to 618 EJ with an increase of 69% by the year 2050 [1] . However, scenarios that seek to limit global warming to at most 2 °C indicate that this value may be at most 432 EJ with a maximum increase of 18% [1] . Under this scenario, the urban share in global CO2 emissions must also be reduced by at least 22% that will require the elimination of 15.2 Gt CO2 from the baseline Figure 1 . Exemplary research contributions to sustainable urban systems in the SEE region
• Groundwater sources, urbanization impacts on watersheds, water balance, energy recovery from wastewater
• Integration of local energy and resource flows, 100% renewable energy (solar, wind, biomass, geothermal), district heating systems, smart energy storage, energy demand reduction, low potential and waste heat
• Electric vehicles, demand control charging, vehicle-to-grid schemes
• Urban circular economy, municipal solid waste management, waste to energy, environmental impacts of landfills
• Environmental governance, joint SEAP, local energy, climate and waste strategies water and wastewater treatment plants in a metropolitan area in Italy. Polomčić et al. [36] modeled the groundwater sources that provide public water supply to the City of Kikinda, Serbia. Mitrică et al.
[37] compared the amount of public water that may be supplied and demanded in scenarios for the Timiş Plain that includes the urban population of Timişoara, Romania. Barut et al. [38] used satellite images to assess the impact of urbanization on temporal variations in a watershed in Turkey. Nowak et al. [39] analyzed two municipal wastewater treatment plants in Austria that are self-sufficient in energy due to the use of Combined Heat and Power (CHP) based on biogas. Kollmann et al. [40] evaluated the wastewater treatment plant of the Austrian town of Freistadt as a local source of energy. Tomić et al. [41] analyzed scenarios to integrate waste to energy schemes in the district heating system of Zagreb to support circular economy at the urban level.
In addition, Donevska et al. [42] assessed the environmental impacts of planned landfills in Macedonia based on the Water Balance Method. Bošković et al. [43] analyzed 51 landfills in Serbia to determine the potential for CHP plants at those sites. Stefanović et al. [44] developed and compared four waste treatment scenarios for the city of Niš (Serbia) in which scenarios for composting and recycling of organic waste were found to have the most favorable outcomes. Milutinović et al. [45] compared two cities in Serbia and Bulgaria, namely the cities of Niš and Sofia, based on scenarios for different waste management systems using multi-criteria analysis. Vučijak et al. [46] applied the VIKOR method to evaluate waste management scenarios for Zavidovici municipality (Bosnia and Herzegovina). The VIKOR method involves the use of a strategy coefficient that represents a compromise between selections of the scenario that excels in the majority of the criteria or a single criterion to better inform decision-making processes.
Beyond the urban core area of cities, Quynh and Stoyanov [47] compared the environmental performance of ports in Bulgaria, including those of Burgas and Varna. Đukan et al.
[48] used a bottom-up approach to estimate the biogas production potential in a rural area of Croatia in Gundinci municipality with potential implications for building upon urban-rural linkages.
Analyses of governance and policy formulation in South East European cities
Governance is a cross-cutting issue for orienting urban energy, water and environment systems towards more sustainable states in the future. Matak et al. [49] put forth and applied an integrated approach to allow small neighboring municipalities on the island of Korčula to prepare joint Sustainable Energy Action Plans (SEAP). Fecondo et al. [50] put forth the results of a mechanism to support technical interventions to increase energy savings in public buildings and lighting armatures in the Province of Chieti, Italy. Zivkovic et al. [51] implemented a participatory approach to enable local stakeholders to define five scenarios for the heating system of the city of Niš, Serbia by the year 2030. Leo and Salvia [52, 53] put forth the results of an EU project in which SEE cities developed Local Energy and Waste Strategies. The policy formulation process involved the provision of guidance for energy efficiency, renewable energy, and waste management in 8 SEE cities, including the cities of Nitra and Skopje. Buzási et al. [54] analyzed the CO2 emissions mitigation and climate adaptation measures of Budapest, including those for water management, green areas for flood control, and ventilation corridors.
Policy learning processes in cities as learning organizations
The vast array of studies that aim to support more sustainable cities in the SEE region as summarized in Figure 1 represent a valuable stock of knowledge. In contrast, barriers to policy learning among cities may still limit the spread and speed of the diffusion of related applications [55] . This limits the ability of cities to identify, learn about and implement effective approaches that take place in other cities [56] . Tools that can accelerate the diffusion of knowledge for comparing city performance, thereby increasing opportunities to adopt new solutions, are an urgent need to support SEE cities in their transition towards more sustainable urban systems.
Benchmarking can increase the opportunities that are made available for cities to evaluate present levels of progress relative to other cities and determine areas for further improvement. In particular, cities are learning organizations [57, 58] that seek continual improvement, including progress for more sustainable systems [59] . Hirvonen-Kantola et al. [60] had defined two main dynamics that cities utilize in their learning processes. These dynamics, namely exploration and exploitation, require access to new ideas and the use of existing competencies [61] . Marsden et al. [62] found that most cities, however, relied on undertakings on an ad-hoc basis, including scanning visits to other cities, especially in the case of policy learning for urban transport.
Benchmarking opportunities to support a "Science of cities"
Benchmarking cities based on the systematic use of indicators is vital for stimulating policy learning and providing analytical guidance at the local level. The use of common metrics can also support a "science of cities" to advance an understanding of strengths and weaknesses [63] . Currently, indices to benchmark the social and economic dimensions of city performance represent the most prevalent use of city level indices [63] . In particular, the majority of indices for cities are found to focus on benchmarking the quality of life or the ability of cities to attain economic and business growth [63] . Other indices address digital opportunities [64] as well as issues of safety and security in cities. For example, the Safe Cities Index has provided a benchmarking of 50 cities based on digital security, health security as well as infrastructure and personal safety [65] . In this respect, the gap in the literature for providing analytical support to benchmark urban energy, water and environment systems is addressed with the integrated approach of the SDEWES Index [3, [5] [6] [7] , which also involves data that is monitored in SEAPs.
Prior to the SDEWES Index, Afgan and da Graça Carvalho [66] developed a General Index of Sustainability to evaluate options for a hybrid energy system for the generation of electricity, heat and/or hydrogen. The authors addressed the utility of multi-criteria methods to support the decision-making process. Lipošćaka et al. [67] applied this framework to compare scenarios for the cogeneration sector in Croatia based on 7 indicators for emissions of exhaust gases and particles, health, and social acceptance, as well as capital investment and fuel costs. Zidanšek et al. [68] undertook analyses of indicators that expressed environmental sustainability, the quality of life and technological development in nations. Positive correlations between quality of life indicators and Gross Domestic Product (GDP) values were found to indicate a possible replacement of the latter.
The footprint method is another branch of benchmarking studies. Galli et al. [69] defined a footprint family based on ecological, carbon and water footprints and proposed its use to track progress towards a One Planet Economy. Most recently, Baabou et al. [70] sought to provide conformity to ecological footprint comparisons at the local level. The method involved the use of monetary multi-regional input-output tables [71] and was applied to 19 coastal cities in the Mediterranean. In another aspect, De Benedetto and Klemeš [72] developed the Environmental Performance Strategy Map that combined the five footprints of carbon, water, energy, emission, and work environment into a single graphical area. The concept was further extended to obtain a Sustainable Environmental Performance Indicator (SEPI) that includes the costs of different options as applied to a plant in the agricultural chemicals sector in Denmark. The possibility of applying the combinatory approach to local communities as well as countries was discussed.
At the city level, various benchmarking studies were undertaken for world cities mostly outside of the SEE region. For example, Tan et al. [73] developed a framework to define a low-carbon score for cities. Stockholm received the best score among 10 major cities based on aspects including energy, carbon and urban mobility. Other studies focused largely on one domain of sustainable development. Wang et al. [74] compared the energy efficiency of 25 cities with an impact on global economic activity. The authors found that the European cities in the sample were more efficient than those in North America and Asia. Similarly, Hu et al. [75] compared five European and Asian cities to derive policy lessons for techno-social regimes.
In other studies, Deilmann et al. [76] compared the eco-efficiency of 116 cities in Germany based on the ratio of the economic value that was added by the city over the level of environmental damage that was caused. For buildings, Broto et al. [77] [80] put forth 12 indicators to benchmark integrated sustainable waste management practices, which were applied to 5 cities. For urban transport, Ahn et al. [81] benchmarked the energy use intensity of subway stations in Seoul, South Korea.
Aims and rationale of the research work
This research work aims to apply the SDEWES Index to a new sample of 18 SEE cities to obtain unique benchmarking results. The results are utilized in related analyses so that quartile groupings and city pairings are identified to stimulate collaboration and policy learning between cities. Based on this scope, three interconnected research questions are answered:
• What are the benchmarking results for the present sample according to the SDEWES Index? • How may the performance of cities be compared based on quartiles and city pairings? • What may be the policy implications of the SDEWES Index for more integrated urban systems? A set of four steps is then proposed for decision-makers and urban planners to use the results of the SDEWES Index to trigger policy learning, collaboration and action for more sustainable cities. The results contribute to the literature with benchmarking applications for cities in the sample.
METHOD
The SDEWES City Index is a composite indicator that provides an integrated approach towards benchmarking the sustainable development of energy, water and environment systems in cities [3, [5] [6] [7] . The SDEWES Index is composed of 7 dimensions and 35 main indicators. The first three dimensions are, namely, energy consumption and climate (D1), penetration of energy and CO2 saving measures (D2) and renewable energy potential and utilization (D3). The last four dimensions are water and environmental quality (D4), CO2 emissions and industrial profile (D5), city planning and social welfare (D6), as well as R&D, innovation and sustainability policy (D7). The indicators and the results of the previous samples are elaborated in a website of the SDEWES Center that promotes a multidisciplinary approach to sustainability [4] .
Previous city samples included 22 Mediterranean port cities [3] , 12 SEE cities that consisted mostly of capitals [5] and 25 world cities [6] for an overall total of 58 different cities. In this research work, 18 SEE cities are integrated as a new sample for the SDEWES Index. These cities were not benchmarked in any kind of index previously with the exception of four cities that were included in other indices with different scopes and aims as noted in the footnote of Table 1 . In addition, Tapia et al. [82] found that cities with relatively high to medium sensitivities to climate vulnerabilities included Rome and Budapest for the impact of heat waves on human health. The same cities further took place among cities that had vulnerabilities to pluvial and fluvial floods as well as the impact of droughts on water planning. Varna also had similar sensitivities to drought as well as the impact of pluvial and coastal flooding on the urban fabric.
Determination of the city sample
The determination of the city sample is based on a two-phased approach as a variant of multi-stage cluster sampling. In the first phase, an initial set of cities is constructed to represent the widest array of possibilities based on the most populated cities in each country of the SEE region. The SEE region includes the area that is bounded by the countries of Austria and Slovakia in the north and circumscribed by Italy, Greece, Bulgaria and Romania [83] . Turkey is also evaluated in the SEE region [84] . In the second phase, two selection criteria are used to scale-down the initial set to a practical size. First, as a criterion of data availability, cities are required to have a SEAP or an equivalent plan and/or energy statistic. Second, cities that were included in previous samples are directly excluded so that 27 cities to which the SDEWES Index has been applied [3, [5] [6] [7] are eliminated * . Lastly, the municipality of Izola that is closest to the town of Piran as the venue of the 2 nd SEE SDEWES Conference [85] is added to increase opportunities for policy learning. Table 1 provides the 18 cities in the new sample along with the main references for the cities . a Included in other indices with different aims, including the Digital City Index [64] and Safe Cities Index [65] Data collection for implementation Data sources for indices can rely on available data at the local, national or international level [63] . The application of the SDEWES Index to the 18 SEE cities required an extensive process of data collection from multiple sources. SEAPs that are prepared under the Covenant of Mayors (CoM) initiative [109] and monitoring reports [110] , including those that may be given in the context of the updated Global Covenant of Mayors for Climate and Energy [111] , provided the basis to evaluate energy and CO2 emissions related data and the set of measures for most cities. The CoM initiative represents the leading policy framework for climate mitigation in which signatories have already achieved an overall reduction of 23% in CO2 emissions from baseline years [112] . Such a reduction received the greatest contribution from the building sector. In addition, while 7% of CoM signatories also had climate adaptation targets previously [112] , the total number of signatories in the new framework has since surpassed 7,500 signatories [111] . Hence, the share of cities that have or will approve both kinds of climate action is increasing. Table 1 provides the references for the SEAPs, the most recent monitoring reports, and/or equivalent plans. Moreover, Sustainable Energy and Climate Action Plans (SECAP) are expected to extend to climate hazards, such as extreme weather events and related adaptation actions [113] . Table 2 summarizes the data sources for all indicators in the SDEWES Index. These include datasets from the United Nations, World Health Organization and the European Environment Agency. Databases based on geographic information systems were also deployed, such as those of the Joint Research Center and International Union for Conservation of Nature. Table 1 b Calculated based on the share of renewable energy in the energy mix from IEA statistics [130] c References are based on the water footprint [131] [132] [133] Normalized value aggregation for the composite index The data entries for each indicator are normalized based on the Min-Max method [134] according to the desired direction of change in either increasing (↑) or decreasing (↓) functions. Eq. (1) provides the means of aggregating the normalized values of the data entries into a composite index value per city Cj. Here, Ix.y is the normalized value of the y th indicator in dimension x for a given city Cj, which represents a process that is reiterated for all data entries ix.y. Accordingly, the double summation in eq. (1) [ ]
In eq. (1), all dimensions have five indicators and may be weighted equally. In this case, dimension weights αx will be 0.14. In practice, αx is 0.22 for D1 and D5 that directly involve energy and CO2 emissions data from SEAP. For other dimensions that may indirectly relate to SEAP data, the values of αx are 0.11. As indicated in the condition of eq. (1), the sum of dimension weights αx is equal to unity and the maximum aggregated index value that is possible is 5. Weights αx.y may also be differentiated for each indicator. In this research work, the sensitivity of the SDEWES Index to random weights αx.y is evaluated based on 10,000 Monte Carlo experiments that are applied to the normalized values of the indicators in eq. (1). Any changes in rank are assessed based on the mean simulated values of the experiments.
Determination of city performance quartiles
Overall, the mean simulated values of the Monte Carlo experiments are used to determine cities that perform in certain quartiles. The cities that are in Q4 at the top 25 th percentile are termed as "pioneering" SDEWES cities based on a high level of performance in multiple dimensions. Those cities that put forth noteworthy efforts towards obtaining above median performances but may have certain shortcomings take place in the next quartile (Q3) as the "transitioning" SDEWES cities. Cities in Q3 have a standing in the top 50% but below the top 25%. In contrast, those cities that are faced with greater challenges in attaining more sustainable urban systems are termed as "solution-seeking" (Q2) and "challenged" (Q1) SDEWES cities. The results are not to be seen as static but those that may be changed across time in a dynamic approach, particularly through city-to-city collaboration for more integrated urban systems.
City pairings and pattern identification
One of the aims of the SDEWES Index is to stimulate collaboration among cities, which is further supported based on city pairings. In this context, the performance of cities is subjugated to a search algorithm to identify those cities that may have similar levels of performance in each dimension of the Index when compared to the average. Eq. (4) indicates the condition for the search algorithm [6] . For each dimension Dx, the summation of the normalized values of the indicators Ix.y for a city Cj is tested for being greater than or equal to the average value of the summation for an average city of the overall sample (CAV2). Any given city pair P has to be either above or below the average in the same dimension across all dimensions D1 to D7. This condition is tested in a 76 × 76 matrix that includes over 4,000 different combinations. The process can support twinning cities [135] based on the SDEWES Index, including peer cities:
Comparison of the results to contextual factors Rather than a single indicator, Table 2 requires a high level of performance across a gamut of indicators and dimensions for cleaner energy, better environmental quality, as well as social welfare. In this respect, all cities need to explore the means of obtaining a more efficient and cleaner status in the context of distinct urban realities. For this reason, the benchmarking results of the SDEWES Index for the present sample of 18 SEE cities and any cities in the city pairs are compared to broader contextual factors. Such contextual factors are assessed based on urban hierarchy according to population [136] and the development of the country in which the city is located. Other factors include the set of local characteristics, opportunities, and concerns [137] .
Benchmarking tool and the Sustainable Development of Energy, Water and Environment Systems City Atlas
An interface that is based on the SDEWES Index was proposed to enable the benchmarking of multiple cities in reference [6] . This proposal, namely, the SDEWES Index Benchmarking Tool for Policy Learning, is applied to the results for the present sample of 18 SEE cities. The Tool can be used to support at least two typologies of policy learning. Cities with differing performances can trigger processes of exploration so that a city with a lower ranking may identify ways to reach a better ranking in any component of the index [6] . Cities with similar performances can be matched to exploit ways to address needs, problems, and/or goals jointly.
Moreover, a SDEWES Index Atlas is developed for the first time in which the results for the city sample are mapped onto the spatial dimension to compare levels of urban performance. The atlas may also be used to support a future city network for which exemplary policy implications are put forth. It is expected that both tools will increase the ease with which the results are used by urban planners and decision-makers to improve the relative sustainability of their cities.
SUSTAINABLE DEVELOPMENT OF ENERGY, WATER AND ENVIRONMENT SYSTEMS INDEX APPLICATION
This section summarizes the application of the 35 main indicators of the SDEWES Index to the new sample of 18 SEE cities. Based on original data compilations, 630 data inputs were collected for the 35 main indicators (Tables 3-9 ). With sub-indicators, about 990 data entries were involved. Appendix A provides the data for the sub-indicators as supplementary material. Table 3 provides the data inputs for the 18 SEE cities based on the indicators in D1. In an average city, the building and transport sectors consume 4,371,710 MWh and 1,765,674 MWh of energy per year, respectively, which are reducing in the context of SEAPs. The realization of such reductions requires more efficient solutions as well as precautions against short and long term rebound effects [138] that may partially reduce or offset energy savings. Some cities have implemented measures for efficiency gains and user behaviour mostly on the demand side. On average, the total final energy use per capita is 13.52 MWh. Energy per capita values are known to vary according to affluence, urban density, climate and proximity to public transport, among a multiplicity of other factors [139] . In the sample, the lowest value is 6.42 MWh (Varna) and the highest value is 22.91 MWh (Kranj) per capita. As other indicators in D1, Heating Degree Days (HDD) and Cooling Degree Days (CDD) are useful to adjust energy consumption with climate. The average HDD is 3,063 and average CDD is 1,494. Based on international climate zone definitions [140] , 10 cities fall within the 5A, 5B, and 5C climate zones with 3,000 < HDD ≤ 4,000, which is followed by the 4A and 4B climate zones (CDD ≤ 2,500 and HDD ≤ 3,000). The cities on the extreme end of HDD or CDD are Klagenfurt, Kranj, and Rome, respectively. a Obtained or calculated from SEAP or equivalent plans based on the references in Table 1 b Based on temperature differences with the base value of 18 °C for each day over the heating period Table 4 provides the data inputs into the indicators in D2. All SEE cities in the sample are in the process of implementing SEAP measures or equivalent strategies to increase primary energy savings. In Table 4 , cities with CHP based District Heating and Cooling (DHC) networks are further distinguished from those cities that have individual Heat Only Boilers (HOB) or only district heating. Table A1 in supplementary material provides details on the energy system characteristics. Energy systems that involve the utilization of renewable energy have central roles in enabling more sustainable urban systems. In a future outlook, some cities can be seen to have developments towards the initiation of fourth generation (4G) district heating networks. These networks have lower supply temperatures and higher efficiencies based on multiple sources [141, 142] . Bijeljina is evaluating the utilization of geothermal energy [86] and Izola has proposals to benefit from sea water for district cooling in a local future energy concept [94] .
Energy consumption and climate (D1)

Penetration of energy and carbon dioxide saving measures (D2)
In addition, almost all cities are located in countries with national level plans for nearly Zero Energy Buildings (nZEB). The cities that have implementations of nZEB, energy-plus buildings, carbon neutral buildings and/or districts are scored accordingly. The details of nZEB related developments are given in Table A2 . In other aspects of D2, Budapest (157 km) and Rome (60 km) have the tramway and subway with the longest length, respectively (see Table A3 ). Based on the use of an additional sub-indicator, the density of public transport is evaluated relative to the urban area. Turin (0.75 km/km 2 ) and Budapest (0.37 km/km 2 ) have the densest schemes. Cities with best practices in implementing efficient public lighting measures are as provided in Table 4 . These include Budapest that implemented a self-sustaining public lighting system [143, 144] . Other cities improved electricity usage per light pole among which Braşov reduced this value to 550 kWh per light pole [145] and Klagenfurt saved 16 MWh per year [146] . Table A1 c Scored based on sub-indicators for nZEB implementation, see Table A2 d Based on the length of the public transport network, number of stations and lines, and urban area see Table A3 e Penetration of Light-Emitting Diode (LED) armatures using solar energy and/or best practices obtain an extra point Table 5 The city is considering the use of geothermal wells to supply the district heating system [147] . The average share of renewable energy in electricity production is 32.9% with a dominant contribution from hydropower. The highest share is 78% (Klagenfurt) and the lowest share is 10% (Budapest and Pécs). Based on calculations of biofuels in the transport sector, six cities obtained at least a 4% share of biofuels in the transport sector. The highest in the sample is 5.9% (Klagenfurt). An additional four cities are above the average share value of 3.2%. Based on geothermal heat-flow density categories and/or reports, e.g. [117, 118] c Based on the share of renewable energy in electricity production as calculated based on [130] d
Renewable energy potential and utilization (D3)
Based on the share of biofuel in the transport sector in IEA statistics [130] Water and environmental quality (D4) Table 6 provides the data inputs into the indicators in D4. The average ground and surface water that is consumed per capita is 10.1 m [70] . The world average is an ecological footprint of 2.7 gha and biocapacity of 1.8 gha per capita [123] . Based on WHO Air Pollution in Cities or EEA databases except for Bijeljina [149] and Zenica [150] Carbon dioxide emissions and industrial profile (D5) Based on Table 7 , the average CO2 emissions of buildings in the cities are 1,122,711 tonnes while it is 460,070 tonnes for transport. The average CO2 intensity is 0.27 tonnes per MWh. The lowest value is 0.15 tonnes of CO2 (Burgas) and the highest value is 0.36 tonnes of CO2 emissions (Brașov) per MWh. Surveys of energy intense industries are conducted based on sectoral reports, including those for important clusters of the chemical industry in Europe [151] . Overall, Bratislava, Burgas and Zenica have the greatest presence of energy intense industries, including iron and steel and petroleum products. Based on Table A4 , an average city receives a score of 1.6 industries. Six airports that service the cities in the sample received Airport Carbon Accreditation (ACA) for reducing CO2 emissions per passenger based on energy savings on the supply and demand sides. Overall, accredited airports reduced CO2 emissions per passenger by about 14.8% in the years 2015 and 2016 [152] [153] , which exemplifies absolute decoupling [154] based on a 6.5% decline in total airport CO2 emissions for Scope 1 and 2 CO2 emissions despite an 8.9% growth in passenger traffic. Ljubljana Airport that services at least two cities in the sample (Celje and Kranj) is accredited for reducing airport CO2 emissions [124] . Leonardo da Vinci-Fiumicino Airport that services Rome has a CHP unit that covers 90% of the reduced electricity and heating demands and partially cooling loads. In addition, a smart grid project that involves photovoltaic and micro-mini wind turbines is completed [155] . Electrical energy per passenger reduced to 3.8 kWh from 4.8 kWh between 2010 and 2015 for a 22% reduction [156] . Table 1 b Includes sectors that require high-temperature processes (e.g. kiln heating up to 2,000 °C), see Table A4 c The ACA level of 3+ (carbon neutrality) is not further distinguished for the purposes of this study Table 8 provides the data inputs into D6. For example, the average price of a one-way public transport ticket is EUR 1.0. Four cities provide further data on the modal share of journeys to work. Bratislava has the highest share of journeys to work with public transport (87%) while the average is 46% among reporting cities [157] . The average score for compact urban form and protected sites is 1.9. In total, over 200 green areas were surveyed to score urban park intensity and protected green corridors based on the World Database on Protected Areas [158] . In contrast, a higher mean percentage of impermeable surfaces in urban areas can increase the impact of heat waves and the risks of flooding due to extreme weather events. For example, the share of sealed surfaces was 36.6% in Klagenfurt and 62.9% in Budapest and Turin [159] . Table A5 also provides the number of reserves with special protection status and an area greater than 15 km 2 , the protected wetlands, and national parks within a 100 km radius of the city center.
City planning and social welfare (D6)
In other aspects of D6, seven cities have predominately monocentric urban forms while twelve cities are characterized to have polycentric urban forms. For example, Burgas and Varna have continuous urban fabric in centralized locations in the city [160] . D6 further includes an assessment of cities under the Urban Waste Water Treatment Directive [161] for compliance with Biochemical (BOD) and Chemical Oxygen Demand (COD) as well as Total Suspended Solids (TSS). In the aspect of waste and waste management, the average amount of municipal solid waste per capita in the sample is 406 kg. As a best practice, Celje uses municipal waste, sludge, and landfill gas in CHP units in waste to energy schemes (see Table A1 and A5). In addition, recycling rates in Slovenia are one of the highest rates in Europe at 55% [162] . In contrast, the solid waste of Nitra is landfilled 50 km away from the city while only 10% of the waste is recycled [163] . Such aspects are differentiated under the scorings for municipal management.
In aspects of social welfare, the average GDP per capita is 25,852 international dollars adjusted for purchasing power parity. The lowest values are in Bijeljina and Zenica and the highest value is in Klagenfurt. As an assessment of social welfare beyond GDP per capita, inequality adjusted well-being scores have a low of 6.0 (Bursa Nilüfer) and a high of 7.7 (Klagenfurt) out of a possible score of 10. The well-being scores represent satisfaction with daily experience based on the views of the population that may be thriving, struggling or suffering [126] . The average tertiary education rate that also supports social welfare is 27.3%. In addition to the pervasiveness of tertiary education, Pécs and Turin from the present city sample have been recognized as a "learning city" based on commitments to improve quality, excellence, and inclusiveness in education as a pillar of sustainable development [164, 165] . a Based on the price of a one-way public transport ticket b Based on the average score of compact urban form, green space, and municipal management (Table A5) Research and development, innovation and sustainability policy (D7) For D7, Table 9 provides the main data inputs and Tables A6-A8 provide those of the sub-indicators. The average score for Research and Development (R&D) and innovation policy orientation is 2.0 based on R&D spending and priorities in funding. Based on the national level, 3 cities have thematic calls and priorities in the areas of energy and environment, namely Klagenfurt, Osijek, and Bursa Nilüfer. Klagenfurt has the highest number of patents (20,145) with green patent codes while Osijek has the highest share of green patents (2.82%) in total patents. Both aspects are used to determine the final score based on Table A7 . As local knowledge institutions, Budapest has the highest number of universities in the local innovation system and the most academic institutions in the Scimago rankings. For cities with available data in Urban Audit, the number of tertiary students (ISCED 5 and 6) range between 9,725 (Burgas) and 154,235 students (Budapest) [157] . The knowledge production capacity based on the average h-index is 281. The average CO2 emissions target is a 25% reduction with the highest target set at 40% (Klagenfurt). Such targets are essential to allow cities in spearheading local climate action towards attaining climate neutrality by mid-century in support of Articles 2 and 4 of the Paris Agreement [2, 166] . a Based on the approach for thematic priorities and R&D expenditure as a share of GDP, see Table A6 b Patents are limited to clean energy technology coded patents, e.g. Y02B for buildings etc., see Table A7 c Sum of universities located in the city. Those in the Scimago list receive double points, see Table A8 d Sustainable development is a multidisciplinary field with inputs from multiple fields (fields not restricted)
RESULTS AND DISCUSSION
The data inputs for the new sample of 18 SEE cities as given in Tables 3-9 are normalized according to the direction of the indicators in Table 2 and aggregated into the SDEWES Index based on eq. (1). In this process, the range of the indicators for the 18 new cities is compared with those for the previous city samples of Mediterranean port cities [3] , SEE cities [5] , and world cities [6] . In 34 of the 35 indicators in the index, the range of the previous city samples had a defining role in the minimum and maximum values. In these cases, the minimum and maximum values of the present sample were within the previous range. In the indicator for PM10, one city in the present sample was an outlier and received the value of zero according to the winsorization method [167] . In this method, outliers are assigned either a value of 1 or 0 as the highest or lowest possible values according to the direction of the specific indicator. Thus, the normalized values of the new sample are compatible with those of the previous samples.
The normalized values of the indicators per dimension are provided in Figures 2-8 that are also used within the SDEWES Index Benchmarking Tool (see Figure 10 in subsequent sections for a screenshot). The SDEWES Index Benchmarking Tool has functionalities for comparing the overall performance of cities and dimension performance. The Benchmarking Tool for the present sample of 18 SEE cities is provided as a downloadable Appendix B of this manuscript.
Results for energy consumption and climate
The stacked bar chart of Figure 2 provides the normalized values of the indicators in D1 for the 18 SEE cities in the sample. The labels indicate the total unweighted score for D1 prior to the aggregation in eq. (1). Accordingly, Varna (3.81), Zenica (3.73), Braşov (2.69) and Bursa Nilüfer (3.65) are the top performing cities in D1 based on normalized values that are in the top 25% of values (Q4). This performance is followed by those of Burgas and Bijeljina. The sample average CAV is 3.37, which is given as the last stacked bar in Figure 2 and extended with a dotted line as a reference value. The ratios of the total D1 values for each city Cj over CAV is given in the triangular markings that range between 1.13 and 0.70. Cities that minimize energy usage in buildings and transport relative to both population and climate have a better performance in D1. Results for penetration of energy and carbon dioxide saving measures Figure 3 presents the normalized values of the indicators in D2 for the 18 SEE cities in the sample. Based on multiple aspects of energy and CO2 saving measures, Budapest (4.57), Turin (4.08) and Bratislava (3.72) receive the highest scores in this dimension. Osijek and Pécs (3.54) closely follow the performance of these cities and also take place among the cities in Q4. In comparison to others, these cities put forth best practises in adopting an integrated approach to optimize the energy system from both the supply and demand sides. These best practices include diffusing CHP based DH/C networks, implementing pilot nZEB projects, and/or connecting multiple modes of public transport towards a more energy efficient city. These include urban rail systems, including light rail trams that can provide a 6% reduction in the CO2 emissions from urban mobility alongside other benefits for traffic flow and air quality [168] . At the same time, such infrastructure may also need to be protected from climate vulnerabilities, including segments of the public transport network that may be located in floodplains [169] . Moreover, as indicated in Table A1 , the energy system of Budapest is based on a CHP system with a power-to-heat ratio of 0.5 and about a 30% savings in primary energy [170] . Turin has three combined-cycle CHP plants for 1, 200 MWe of electrical power and 740 MWt of thermal power in cogeneration mode [171] . [172] . In contrast, the opportunity to use excess heat is currently not utilized in these cities, including those from industry in Braşov [173] and Osijek [174] . Rome is planning to transition to a CHP based DH network that will have up to 50% input from biofuels [102] .
In another aspect, the cities that receive top scores in Figure 3 also have nZEB related implementations. For example, as indicated in Table A2 , Budapest has a residential complex that has an nZEB status [175] while Rome and Turin have sites for climate neutral urban districts [176] . Cities in which high exergy resources are mostly being used to meet the low exergy demands of space heating and cooling [177] 
Results for renewable energy potential and utilization
In Figure 4 , the normalized values of the indicators in D3 for the 18 SEE cities in the sample indicate that Klagenfurt (2.59) has the highest performance across multiple indicators for renewable energy potential and its utilization, which is rewarded in D3. Based on the indicators in Table 2 , Klagenfurt may have a relatively lower renewable energy potential than some of the other cities but has the highest shares in renewable energy utilization. Rome (2.29), Osijek (2.27), Bursa Nilüfer (2.19), and Burgas (2.14) also perform in the top 25% of values for D3. As best practices, cities in D3 integrate the local renewable energy potential into the power grid and thermal energy networks. These best practices may be initiated in pilot districts that may then be up-scaled to the larger city level. For example, the energy concept of Pécs is based on local straw and woodchips as locally available biomass to generate 35 MWe and 70 MWt of electrical and thermal power, respectively [178] . In addition, Nitra (2.01) in Q3 uses geothermal energy to supply about 40% of the 24,167 MWt of thermal power in the DH network [179] .
Other cities may have a favourable performance in renewable energy potential but lack the utilization of these resources. Bijeljina (1.89) that has the highest geothermal energy potential in the sample is planning to integrate geothermal energy into the coal-based district heating system [147] . The use of this local renewable energy resource in the supply structure of the city may also improve its performance in multiple dimensions beyond D3, including D2 and D5.
Results for water and environmental quality
Based on the normalized values in Figure 5 , Budapest (3.38) and Pécs (3.35) have the highest performance in D4 among the 18 SEE cities in the sample. Such a result indicates that both cities have a holistic approach to water and environmental quality and are able to obtain related advantages, including better air quality. Bijeljina, Braşov and Izola are other cities that perform in the top 25% of values in D4. Other cities with lower performances in D4, such as Celje (2.86), have relatively high water quality but obtain a less favourable outcome in the other indicators, such as ecological footprint per capita. In contrast, cities that take place in the lowest 25% of values in D4 have certain shortcomings in more than one indicator. For example, Zenica (2.46) is given to have the worst air quality among the cities in the sample. Hence, the ability to reach top performance in D4 necessitates a consistent performance across multiple indicators, including water consumption, water quality, minimized air pollution, and ecological footprint. Results for carbon dioxide emissions and industrial profile Figure 6 provides the normalized values of the indicators in D5 for the 18 SEE cities in the sample. Kranj (4.02) has the best performance in the related indicators for CO2 emissions and industrial profile. Velenje (3.78), Celje (3.75), and Izola (3.74) are the next best performing cities in D5 with performances in Q4. Among these cities, Izola has no direct energy intense industry although the Port of Koper is nearby. In contrast, the performances of Bratislava (2.87) and Zenica (2.85) that take place among cities that perform below the D5 average are limited due to the presence of energy intense industries, which places a greater need for CO2 mitigation. Cities that excel in D5 reduce CO2 emissions relative to energy usage, minimize the presence of energy intense industries and reduce the CO2 emissions impact of the airport servicing the city. Currently, CO2 reductions in the building sector are surpassed by those in public and private transport. For example, Nitra that takes place in the quartile of Q3 achieved a 13.2% reduction in residential buildings when compared to its baseline while 75% of the measures for this sector are still ongoing [98] . An energy systems approach will further expedite improvements in D5. 
Results for city planning and social welfare
In Figure 7 , the normalized values of the indicators in D6 indicate that Izola (3.09), Velenje (3.09) and Klagenfurt (3.08) are the best performing cities for city planning and social welfare. Celje (3.04) and Rome (2.97) are other cities with advantages in multiple indicators under D6. Relative to the other cities in the present sample, a performance in the top 25% of values can be explained by the efforts of these cities for compact urban form while preserving urban green spaces and protecting surrounding areas. Favourable socio-economic indicators, including GDP per capita and/or the tertiary education rate are other factors that further enhance the performance of these cities in D6. Best practices from the top performing cities in D6 include those of Klagenfurt that has the most distinct profile of green corridors with 1 nature reserve, 2 Ramsar wetland sites, and 1 national park (see Table A7 ). Celje has a waste to energy scheme to increase the valorisation of municipal waste. In aspects of social welfare, Slovenian cities have the highest tertiary education rate. Cities can improve their level of performance in D6 by increasing measures that address city planning, municipal management, and social welfare. Results for research and development, innovation and sustainability policy Figure 8 puts forth the normalized values of the indicators in D7. Here, Klagenfurt (2.91), Rome (2.46), Turin (2.42), Budapest (2.15) and Osijek (1.88) take place as the cities with the best performance in R&D, innovation, and sustainability policy among the cities in the sample. These cities have assets in being able to combine a strong knowledge production and technology development capability with an ambitious CO2 emissions reduction target. Such an asset, including patents in clean technologies, is essential to support the contextual framework in which cities work to realize CO2 emission reduction targets. In contrast, cities in quartiles other than Q4 have certain limitations and perform below the average value (CAV) of 1.76 in D7. For example, Nitra (1.26), Bijeljina (1.25) and Zenica (0.97) do not possess the same advantages that may place a greater need for knowledge transfer to these cities. The best practices in D7 emphasize that cities can build capacities to be hubs of sustainable innovation. City partnerships may also give impetus to more solution-oriented sustainability research [180] . Table 10 provides the results of the SDEWES Index when the normalized values are aggregated based on eq. (1). The top three cities in the present sample are Klagenfurt (SDEWES = 3.08), Velenje (3.06) and Pécs (3.01). As referred from Figures 2-8, these top cities consistently have the highest value in the most number of dimensions and/or exceed the average with a greater difference in multiple dimensions. The average city in the sample receives a score of SDEWES (Cj) = 2.85. The results in Table 10 allow a comparative approach to benchmark cities and underline the need to adopt well-rounded policy efforts to increase the sustainable development of energy, water and environment systems in cities across multiple dimensions. Weaknesses in certain dimensions may also be used to identify areas of strategic intervention for improvement. The percentage difference with the sample average is further provided as a basis of comparison. For example, Klagenfurt has a performance at 8.1% above the sample average based on eq. (3). In contrast, the lowest performing city, namely Zenica, is found to perform about 15.8% below average when compared to the sample average. 
Results of the Sustainable Development of Energy, Water and Environment Systems Index for South East European cities
Comparison of the results based on Monte Carlo experiments
In addition to the results in Table 10 , the normalized values of the indicators are subjugated to random weights based on 10,000 Monte Carlo experiments. Accordingly, indicator weights are generated randomly and applied within the context of eq. (1) for all cities in the sample. Figure 9 provides the box plot of the experiments in which the cities in the sample are ordered based on mean simulated values. The original rankings in Table 10 is upheld in the rankings in Figure 9 , which indicates that the mean simulated values of the Monte Carlo experiments for cities Cj are in conformity with the ranking of the results of the SDEWES Index based on eq. (1). The mean simulated values are also used to sub-divide the index results into quartiles so that cities performing above or below the median (x ) value of SDEWES = 2.89 are characterized to be in the top or bottom 50% of observations. In particular, cities with index values above 2.96 (Q4), 2.89 (Q3) or 2.74 (Q2) or equal to or less than 2.74 (Q1) are included in the associated quartiles in Figure 9 . These quartiles are attributed to contain the pioneering (Q4), transitioning (Q3), solution-seeking (Q2) and challenged cities (Q1) of the present sample. The pioneering cities of the sample. Based on Figure 9 , five cities are identified to take place in the top 25% within Q4 as the pioneering cities of the sample. These cities, namely, Klagenfurt, Velenje, Pécs, Izola and Celje, can each provide best practices in more than one dimension. For example, Klagenfurt has one of the highest renewable energy shares in the electricity mix in D3.
The transitioning cities of the sample. The next four cities, namely Osijek, Burgas, Varna and Budapest, are cities that have certain strengths in specific dimensions. For example, Budapest has commendable levels of performance in D2 and D4. In some of the other dimensions, the city may require a transition to attain higher levels of performance, including in D3. While cities in Q3 have an above median performance, there are still opportunities to improve to reach Q4.
The solution-seeking cities of the sample. The cities in Q2 are identified to be those that need to seek more urban solutions to balance levels of performance across the SDEWES Index. In the present sample, these cities are Kranj, Turin, Rome and Nitra. For example, Turin and Rome both have advantages in D7 while their performance in the other dimensions is more varied. The measures that these cities are implementing can be diversified, including aspects of air quality.
The challenged cities of the sample. The five cities in Q1, namely Bursa Nilüfer, Brașov, Bratislava, Bijeljina and Zenica have multiple challenges that require policy attention, including issues of energy and development. With the exception of Bratislava, these cities also need to strengthen energy and CO2 mitigation measures relative to the other cities in the sample. An example for Bursa Nilüfer is provided based on the SDEWES Index Benchmarking Tool. Figure 10 applies the SDEWES Index Benchmarking Tool that is first developed in [6] to the results of the present sample. This tool may be used to compare two cities based on the overall performance across all dimensions (top section) and/or to the sample for a particular dimension (bottom section). In Figure 10 , Bursa Nilüfer (ranked 14 in the SDEWES Index) is compared with Budapest (ranked 9). The two cities that are five rankings apart have different patterns in nearing or exceeding the sample average. In addition, dimension D2 is selected to benchmark the cities with the SEE sample to indicate domains in which policy gaps may exist. For example, Bursa Nilüfer that is ranked 18 in D2 uses mostly natural gas, which is a high exergy resource, for space heating and cooling in buildings. In contrast, the city may utilize the geothermal energy potential that is currently used sparingly in the tourism sector [92] to heat local residential buildings in an eco-district concept in the future. The city is currently designated as a replicator city under the Smart Cities Light House projects that focus on energy and transport measures [92, 181] . In the other dimensions, Bursa Nilüfer can be paired with cities that may have similar or different performances according to policy learning objectives. Interactions with the radar and bar charts can be used to compare the potential for strategic interventions towards more innovative urban systems. For example, Klagenfurt that is ranked first has the highest CO2 reduction target for the year 2030 at a 40% reduction from the base year [95] . The city can better reach its target by mobilizing its R&D and innovation competence so that the waste of one system becomes the input of another. In another aspect, Izola (ranked 4) plans to deploy sea-water based cooling [94] . A partnership model that involves cooperating institutions and the transfer of knowledge from local examples, such as a resort in Piran that used the technology [182] , can enable Izola to improve its ranking in the SDEWES Index. The ability to improve multiple indicators of the SDEWES Index at the same time will be possible with well-designed solutions. In addition, any use of bioenergy sources that meets sustainability criteria must be below emission limit values [183] that will increase benefits for public health.
Sustainable Development of Energy, Water and Environment Systems Index Benchmarking Tool
Identification of city pairs for policy learning
Based on eq. (4), Table 11 exemplifies the use of the search algorithm to find cities with similar dimension performances. Cities from the previous two samples are added to diversify the overall possibilities. Among a total of 76 cities to which the index is applied to date, 8 common patterns that involve 8 cities from the present sample and 17 cities from the previous samples are found. Table 11 marks the common patterns for the city pairs based on values that are at or above (↑) or below (↓) the overall sample averages in the 7 dimensions of the SDEWES Index. In various combinations, the first 4 city pairs have above average performance in at least 4 dimensions. The last 4 city pairs have below average performance in at least 4 dimensions. Table 11 can be used to mobilize policy learning opportunities in a targeted way to improve the performance of the cities. For example, the city pair of P1 that contains Budapest from the present sample has an above average performance in D2, D4, D5, D6 and D7. In contrast, the city pair of P5 in which Bursa Nilüfer from the present sample takes part has below average performances in the same dimensions except for D5. The decision makers in these cities can observe that exchanges across the cities in complementary aspects may provide opportunities to find best practices. In addition, Zenica (present sample), Cluj-Napoca and Skopje (previous samples) perform below average in all dimensions except D1. Based on common areas of need, this city pair P8 can address such issues and seek best practices from cities that have a higher performance in these dimensions. Table 11 . Identification of cities with common patterns PR City in new sample City in previous samples [3, 5- Overall, the SDEWES Index can provide the basis for a network of cities that can exchange experiences based on dimension performance. Cities that have opposite outcomes when compared to the average may also provide opportunities for exchanging experiences in relative strengths and weaknesses. For example, the two city pairs in Table 11 that involve Rome (P2) and Braşov (P5) from the present sample have opposite outcomes in each dimension of the SDEWES Index. In addition, in D7, while R&D, innovation and sustainability policy is an area of strength for the city pair involving Rome, it is a weakness for the city pair involving Braşov. Knowledge transfer from the city pair involving Rome to the city pair involving Braşov may initiate city-to-city cooperation.
Some of the city pairs are in relative geographic proximity or in the same country, such as Rome (present sample) and Naples (previous sample) in pair P2. Another example is Bijelina (present sample) and Sarajevo (previous sample). Most of the cities, however, are separated by distance but relatively nearer in city function. These include Izola (present sample), Ohrid and Zadar (previous sample) as smaller historical cities (P3). Another example is Turin (present sample), Incheon and Nagoya (previous samples), which are powerful industrial cities (P7). These results indicate that city pairs can extend well beyond borders or geographic proximity.
Evaluation of the results in contexts of urban hierarchy and development
In Figure 11 , the results of the SDEWES Index are compared to contextual factors that may exceed the control of cities, such as urban population size (horizontal axis) and the development setting (vertical axis). The latter is assessed based on the Human Development Index (HDI) [184] of the country in which the city is located. The size and colours of the data markers in the bubble chart represent the quartile of the city's performance in the SDEWES Index. In addition, SEE cities that are in the present sample (solid colours) are differentiated from cities in previous samples (patterned lighter colours). The city labels contain pair numbers whenever relevant. Figure 11 indicates that cities in a particular quartile of performance in the SDEWES Index can have a seemingly diverse background of urban hierarchy and development settings. Cities that perform within quartiles Q4 and Q3 (blue and green coloured markers), such as Klagenfurt, Pécs, Budapest and Varna, may be given as examples. For this reason, local decision-making choices and strategic approaches have important roles in determining the performance of cities in the SDEWES Index. In this respect, the SDEWES Index can be used to empower cities to search for opportunities to pursue more sustainable pathways for their urban futures while exploring chances to collaborate with other cities to jointly address common urban challenges. 
Mapping of a Sustainable Development of Energy, Water and Environment Systems Future City Network
The synergistic use of the benchmarking tools that are put forth in this paper for the present SEE sample and the identification of city pairs across all other samples provide a spectrum of possible uses of the SDEWES Index in support of more sustainable urban systems. The results of the SDEWES Index for the present SEE sample are also mapped on the spatial dimension as provided in Figure 12 . Here, the SEE cities in the sample have different levels of performance based on the dimensions of the SDEWES Index. The existing levels of performance may be improved in the future based on the rapid implementation of actions that are already foreseen in the context of SEAP, SECAPs as well as Sustainable Urban Mobility Plans [185] . In addition, these actions should be supported by newly devised actions based on a unique process of policy learning from other cities. In the time dimension, improvements need to take place to raise the average value of the SDEWES Index for the SEE region and individual cities. The circular inset in Figure 12 provides the current average scores for the cities in the present SEE sample. Table 12 provides an overview of exemplary policy implications for urban systems based on the SDEWES Index. These policy implications also reinforce the necessity for implementing a cross-sectoral approach to attain smarter energy systems [186] at the urban level. Cities provide a vibrant context for realizing the opportunity of increasing efficiencies "by using waste from one system as an input in another" [187] . For example, local maps as developed in the Stratego project in support of heating and cooling plans include those of four cities in the present sample, namely, Braşov, Osijek, Rome and Turin [188] . As summarized in Table 13 , the results of these analyses indicate the quantity of waste heat that may be extracted from urban wastewater and the availability of wood and straw resources that are less than 30 km from the city [188] . Locally available biomass resources must still be considered for use in efficient energy system configurations that may extend to an outlook based on the quality of energy (exergy) [189] [190] [191] so that the potential of displacing CO2 emissions is maximized. Carbon capture and storage may also be used to further contribute to halving anthropogenic CO2 emissions every decade [192] .
The co-location of energy and water utilities to better benefit from distributed energy generation opportunities and to lower both energy and water requirements is another rising trend [193] . In addition, automated demand response in the urban context may extend to wastewater infrastructure, particularly in the sludge processing equipment [194] . Monetary savings from load shifting may be invested into the energy-water infrastructure. In the context of the sharing economy, the sharing of waste heat in an open district heating network, including waste heat of any data centers, is beginning to be promoted by local authorities [195] . The production of hydrogen gas from renewable electricity is also one of the key technologies for diffusing the use of intermittent energy sources [196] and has pilot demonstrations in the urban context [197] . Most importantly, the role of cities in deploying renewable energy as a means of contributing to the need to double zero-carbon shares in the energy system every 5.5 years is paramount for scenarios with a fair chance of compliance with 1.5 °C targets [192] . Renewable energy solutions and net-zero targets at the district level [198] can support multiple climate mitigation as well as climate adaptation goals. Improvements in urban form can minimize travel distances and reduce climate risks, including through an increase in permeable surfaces [199] . Despite potential changes in precipitation patterns due to global climate change, harvested rainwater and reclaimed water can be effectively maximized to reduce water demand [200] . Table 12 . Exemplary policy implications for urban energy, water and environment systems It is evident that global CO2 emissions must peak no later than the year 2020 and rapidly decrease thereafter to reach net-zero emissions by mid-century [166, 192] . In this planetary necessity, cities are deemed as the leading actors in enabling the ability to "bend the curve" by 2020 [201] that requires a faster pace in mobilizing renewable energy and energy efficiency solutions to attain earlier reductions [202] . This mobilization will also require an integrated perspective for urban energy, water and environment systems without which the ability of cities in climate action will be compromised. The SDEWES Index that is put forth as a benchmarking tool has the potential to support cities in related endeavours and to raise awareness on chances to improve performance. The framework of the SDEWES Index and the results for the city samples has also been communicated with city managers who are responsible for energy and/or urban sustainability in their municipalities as well as CoM contact points, receiving positive feedback. Most of the cities were included in any kind of index for the first time and appreciated the chance to be compared to other cities with a common set of indicators in a benchmarking approach. The managers were also active in identifying possible ways to improve performance.
In a potential SDEWES Future City Network, decision-makers in the SEE cities can use the results of the SDEWES Index in four main steps. First, decision-makers should evaluate the overall score and dimension performance of the specific city. Second, possible solutions that are expected to improve the value of more than one indicator at the same time should be considered. Third, decision-makers should identify cities with which to strengthen or initiate collaborative efforts. Throughout these steps, urban decision-makers may further benefit from associated tools, including the SDEWES Index Benchmarking Tool for Policy Learning and the city pairs that are identified based on a search algorithm. Fourth, decision-makers should take action to increase the sustainable development of energy, water and environment systems in their cities. Periodically, the impact of the measures on city performance must be re-evaluated.
CONCLUSIONS
Urban systems will continue to have critical roles in determining the ability to address the global sustainability challenge by providing innovative urban solutions and approaches. In this context, the SDEWES Index can contribute to triggering action and collaboration in the path towards more integrated energy, water and environment systems for sustainable development. The application of the SDEWES Index to a new sample of 18 SEE cities in this research work increases the opportunities for such policy learning. The results indicate that the top three cities in the sample are Klagenfurt (3.08), Velenje (3.06) and Pécs (3.01), all of which perform above average in multiple dimensions. In addition, cities with similar challenges in and beyond the SEE region based on similar performance patterns are identified to stimulate policy learning.
The results of the SDEWES Index for the 18 cities in the present sample should not provide a static perspective of benchmarking standings since there is a dynamic potential to improve in the future. Even the 5 cities that are positioned in the top 25 th percentile (Q4) of values with a pioneering SDEWES city status in the present sample require future improvements, particularly through the synergy of cross-sector approaches. Such improvements will be possible based on additional investments according to the needs and resources of the city, including human and financial resources. Cities are in the best position to evaluate and act upon such opportunities in light of the benchmarking results, including the diffusion of urban renewable energy solutions.
In a forward-looking perspective, the SDEWES Index, its benchmarking tool and city pairings can be an effective tool to stimulate policy learning in SEE cities towards more sustainable urban systems. In this way, the index contributes to the existing stock of knowledge in aspects of renewable energy, transport, water, and waste in cities based on an integrated benchmarking approach and application. The SDEWES Index can be used to mobilize a network of cities, preferably as a SDEWES Future City Network, to collaborate in realizing the sustainable development of urban systems in the SEE region and beyond. The main steps that decision-makers and urban planners can pursue in using the results of the SDEWES Index are:
• Evaluate the overall score and dimension performance of a specific city: In this first step, decision-makers should evaluate the results of the SDEWES Index for their city. The overall score and dimension performance will provide an integrated perspective for evaluating aspects of energy, water and environment systems in the pursuit of more sustainable urban systems. Strengths in one dimension, such as R&D capabilities, may also be used to support dimensions in which there may be weaknesses to generate new urban solutions. The interactive use of radar charts and bar charts in the SDEWES Index Benchmarking Tool for policy learning will support the city level evaluation process; • Consider solutions that will improve the value of multiple indicators:
The integrated perspective that is put forth by the SDEWES Index aims to support the planning of integrated solutions. Decision-makers and urban planners can build upon this perspective to consider solutions that can address multiple indicators at the same time, particularly those that can curb CO2 emissions and improve environmental quality simultaneously. The opportunity to increase the resource efficiency of the urban system with a combined outlook on the underlying energy, water and environment system [203] will provide the main synergetic approach to allow cities to improve values of the SDEWES Index. These include integrating renewable energy solutions in the urban energy system, utilizing sources of waste heat, diffusing demand response across urban sectors, including in wastewater treatment plants, and enhancing compact urban form; • Identify cities with which to strengthen or initiate collaborative efforts: Given the urgency for increasing the pace with which cities make progress towards urban systems that are more sustainable, city-to-city collaboration is a necessity rather than an option. At the same time, determining the cities with which to collaborate requires a systematic diffusion of knowledge and benchmarking outcomes. Decision-makers can also refer to the results of the SDEWES Index when a search algorithm is applied to identify city pairs that have the same series of above or below average performances across all dimensions while the benchmarking tool can be used to compare two selected cities; • Take action to increase the sustainability of development and re-evaluate:
The ability of cities to better ensure the intergenerational availability and quality of resources depends upon the success of measures towards more efficient, cleaner, and integrated urban systems. For this reason, cities need to turn any contextual factors into opportunities to make this possible while targeting increases in SDEWES Index values. The monitoring results will be used to re-evaluate the benchmarking results across time. Future directions of the research work have involved scenario analysis for assessing future opportunities to improve the integration of energy, water and environment systems in the urban context. In this respect, improvements in rank positions or the average city score given the adoption of a related set of measures is assessed. Such improvements are relevant to all cities, including those in the transitioning SDEWES city status. The cities in the solution-seeking or challenged SDEWES city quartile may also shift current trends with relatively stronger effort. The results of the present SEE sample will be useful in analysing the diverse profile of cities in these possible future scenarios in combination with other city samples from around the world. At the same time, existing optimization and planning tools should be applied on a case-by-case basis to evaluate the applicability of possible scenarios at the local level. In this respect, the SDEWES Index may provide a mobilizing mechanism to support the pursuit of cities to strive for more sustainable urban systems as one of the most dynamic contexts for realizing change.
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APPENDICES
Appendix A (supplementary material)
Tables A1-A8 present data for the sub-indicators of the main indicators of the SDEWES Index.
Appendix B (Sustainable Development of Energy, Water and Environment Systems Index Benchmarking Tool)
The SDEWES Index Benchmarking Tool is uploaded as a Mendeley Dataset in association with the present manuscript at: http://dx.doi.org/10.17632/cv2bp78gmx.1. 
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Municipal waste and sludge is used in CHP with an additional landfill gas unit [205, 206] Table A5 . Sub-indicators for urban form, green spaces, green corridors and municipal management a For countries in which total patents exceeds the output limit of the database, the total is estimated from the total of sub-codes 
